Introduction
============

Highly pathogenic avian influenza H5N1 virus poses a pandemic threat with continuously occurring widespread infections of avian species and humans \[[@b1],[@b2]\]. A potent host immunity can be primed to protect against acute H5N1 viral infection \[[@b3],[@b4]\]. Although the immune responses present a powerful barrier and might be required to clear highly pathogenic influenza viruses, they are also implicated in immune-mediated lung injury \[[@b5],[@b6]\]. Patients infected by H5N1 virus frequently had the syndromes of acute respiratory distress syndrome, multiple organ dysfunction, lymphopenia, and hemophagocytosis, resulting in a mortality rate of approximately 60% \[[@b7]--[@b9]\]. These syndromes have previously been associated with abnormally strong innate and adaptive immune responses \[[@b10]--[@b13]\].

Treg cells are important mediators of immune homeostasis with naturally endowed immune-suppressive activity \[[@b14]--[@b17]\]. To date, multiple Treg-cell subsets (e.g. nTreg cells, Tr1 cells, Th3 cells, CD8^+^ Treg cells, etc.) can exert negative immunoregulatory effects on the activation and effector functions of innate and adaptive immune cells by diverse mechanisms \[[@b14]\]. In addition to suppressing autoreactive cells, Treg cells play a central role in protecting host tissues from immune-mediated damage during viral infection \[[@b18],[@b19]\]. For example, in infection with herpes simplex virus type 1 (HSV-1) induction of CD4^+^CD25^+^Foxp3^+^ Treg cells was shown to be associated with a reduction of immune pathology and better clinical outcome \[[@b20]\]. A recent study showed that CD4^+^CD25^+^Foxp3^+^ Treg cells could delay IAV-induced mortality and a combination of virus neutralizing antibodies and transferred Treg cells led to the complete prevention of clinical disease following H1N1 viral infection \[[@b21]\]. Another study demonstrated that antiviral CD8^+^ and CD4^+^ effector T cells controlled lung inflammation during acute influenza H1N1 viral infection by producing IL-10 \[[@b22]\]. These findings indicated that there can be suppression of immune pathology by Treg cells during viral infection. However, pertaining to primary infection with H5N1 virus, we do not yet know whether Treg cells are induced to control immune-mediated damage or which Treg-cell subsets are involved in prevention of clinical disease.

In this study, using Foxp3-GFPtg mice infected by H5N1 virus, we have demonstrated that H5N1 virus infection could induce a subset of CD8^+^ T cells that have a phenotype of CD25^+^Foxp3^+^IL-10^+^, and inhibit CD8^+^ T-cell responses by some IL-10-dependent mechanism. Our findings thus provide novel insights into the virus/immune system interactions during H5N1 virus infection.

Results
=======

CD8^+^ Treg cells are increased during avian H5N1 influenza virus (AIV) infection
---------------------------------------------------------------------------------

Foxp3 is necessary for Treg-cell generation and function and remains the most definitive marker of Treg cells \[[@b23]--[@b25]\]. We first determined whether Treg cells were induced by seeking Foxp3 expression in CD4^+^ and CD8^+^ T cells taken from Foxp3-GFPtg mice during H5N1 virus infection. Through days 0, 3, and 6 after H5N1 virus infection, the frequency of CD4^+^ Treg cells remained unchanged in peripheral blood mononuclear cells (PBMCs), in splenic cells, and in lungs (Supporting Information [Fig. 1](#SD1){ref-type="supplementary-material"}A and B). Also, the number of CD4^+^ Treg cells in the bronchoalveolar lavages (BAL) was not changed (Supporting Information [Fig. 1](#SD1){ref-type="supplementary-material"}C). In contrast, we observed that the frequency of CD8^+^ Treg cells was remarkably increased in PBMCs, spleen, and lung (Fig. [1](#fig01){ref-type="fig"}A and B). In addition, the numbers of CD8^+^ Treg cells in the BAL and spleen were significantly increased (Fig. [1](#fig01){ref-type="fig"}C). Similar results were observed in AIV-infected C57BL/6 mice (Supporting Information [Fig. 2](#SD1){ref-type="supplementary-material"}), indicating that CD8^+^ Treg cells were also induced in the parent nontransgenic mouse during H5N1 virus infection.

![Induction of CD8^+^ Treg cells in Foxp3-GFPtg mice during H5N1 viral infection. (A) Surface staining of CD8 on the PBMCs, lung cells, and spleen cells taken from Foxp3-GFPtg mice on days 0, 3, and 6 after infection with H5N1 virus. The dot plots represent one of three independent experiments with similar results (*n* = 5 mice). (B) Statistical analysis of Foxp3^+^ cells in total CD8^+^ T cells (%). (C) Surface staining of CD8 on the spleen and BAL cells taken on days 0, 3, and 6 from Foxp3-GFPtg mice infected with H5N1 virus. The number of CD8^+^Foxp3^+^ T cells is shown (*n* = 5 mice). (B and C) Data are from one experiment representative of three separate experiments. \**p* \< 0.05, unpaired two-tailed *t*-test.](eji0044-0103-f1){#fig01}

Analysis of phenotype and cytokine profile of CD8^+^ Treg cells
---------------------------------------------------------------

To characterize Treg-cell phenotype, we looked for signature molecules, including CD25, GITR, CTLA-4, and PD-1, which are known to associate with the CD4^+^ Treg cells. We observed that most CD8^+^Foxp3^+^ Treg cells expressed CD25 and GITR with low levels of CTLA4 and PD-1 (Fig. [2](#fig02){ref-type="fig"}A). Since nearly all CD8^+^Foxp3^+^ Treg cells expressed CD25, we isolated CD8^+^CD25^+^ T cells from spleens of AIV-infected Foxp3-GFPtg mice on day 6 to do further analysis. The purity was approximately 85% (Supporting Information [Fig. 3](#SD1){ref-type="supplementary-material"}). The high level of Foxp3 gene expression was confirmed in AIV-induced CD8^+^CD25^+^ T cells by qRT-PCR (Fig. [2](#fig02){ref-type="fig"}B), indicating that these cells were CD8^+^ Treg cells. Interestingly, IL-10 mRNA was highly expressed in AIV-induced CD8^+^CD25^+^ Treg cells, whereas the mRNA levels of TGF-β, IFN-γ, perforin, granzyme B, and FasL in the CD8^+^CD25^+^ Treg cells were not obviously different from those of naive CD8^+^ T cells (Fig. [2](#fig02){ref-type="fig"}B).

![Phenotpyes of primed CD8^+^Foxp3^+^ T cells. (A) Surface staining of CD8, CD25, GITR, CTLA4, and PD-1 on the splenic cells taken from Foxp3-GFPtg mice on day 6 after infection with H5N1 virus. The dot plots represent one of four independent experiments with similar results (*n* = 5 mice). (B) Splenic CD8^+^CD25^+^ T cells from Foxp3-GFPtg mice on day 6 after H5N1 viral infection were purified for quantitative RT-PCR. Naïve CD8^+^ T cells were purified from naïve Foxp3-GFPtg mice as control. Data are shown as mean + SEM and are pooled from three independent experiments. \*\**p* \< 0.01. n.s., *p* \> 0.05, unpaired two-tailed *t*-test. (C) Splenic cells were isolated on day 6 from Foxp3-GFPtg mice infected by H5N1 virus and were stimulated with 5 μg/mL NP peptide (NP366--374) or no peptide. Cells were incubated for 6 h with 2 μM monensin before intracellular staining. CD8^+^ T cells were gated to analyze the expression of Foxp3 and IL-10. The dot plots represent one of three independent experiments with similar results (*n* = 5 mice).](eji0044-0103-f2){#fig02}

To further assess AIV-induced CD8^+^CD25^+^ Treg cells secreted IL-10, we performed intracellular analysis on splenocytes taken on day 6 from AIV-infected Foxp3-GFPtg mice. The cells were stimulated in vitro with 10 μg/mL of NP366--374, an NP antigen-specific peptide of AIV. The level of IL-10 expression was high in the CD8^+^Foxp3^+^ T cells (Fig. [2](#fig02){ref-type="fig"}C). In addition, the high level of IL-10 expression was confirmed by the use of IL-10-GFPtg mice infected with H5N1 virus. We observed that about 90% of AIV-induced CD8^+^CD25^+^ T cells were IL-10 positive (Fig. [3](#fig03){ref-type="fig"}).

![Primed CD8^+^CD25^+^ T cells expressed IL-10. Splenic cells were isolated on day 6 from IL-10-GFPtg mice infected with H5N1 virus and surface stained for CD8 and CD25. CD8^+^ T cells were separated into CD25 positive and negative cells. These cells were further divided into GFP positive or negative, with GFP serving as a marker for IL-10 positivity. The percentages of CD8^+^CD25^+^ T cells and CD8^+^CD25^−^ T cells that were IL-10^+^ or IL-10^−^ are shown together with results of statistical analysis. The dot plots represent one of five independent experiments with similar results (*n* = 5 mice).](eji0044-0103-f3){#fig03}

CD8^+^ Treg cells facilitate AIV-induced mortality
--------------------------------------------------

To study the effect of CD8^+^ Treg cells on the immune response against AIV, we adoptively transferred various numbers of purified CD8^+^CD25^+^ T cells from H5N1-infected donor mice into naive syngeneic recipients. The recipients were challenged with a lethal dose of H5N1 virus immediately upon receipt of the transfer (Fig. [4](#fig04){ref-type="fig"}A). Interestingly, the transferred CD8^+^ Treg cells promoted disease progression and shortened survival time of the recipient animals compared to the controls (Fig. [4](#fig04){ref-type="fig"}B). A higher level of mRNA of H5N1 HA, an indicator of viral replication, was observed in the lungs of CD8^+^ Treg cells recipients compared to those that did not receive the CD8^+^ Treg cells (Fig. [4](#fig04){ref-type="fig"}C). Higher transcript levels of IFN-β and Mx-1 have been reported to be associated with viral replication \[[@b26]\] and we found higher levels of IFN-β and Mx-1 in the lungs of mice that had received CD8^+^ Treg-cell transfer than in the lungs of those that had not (Fig. [4](#fig04){ref-type="fig"}D). These observations indicated that CD8^+^ Treg cells promoted H5N1 viral replication. To exclude potential effects of endogenous CD8^+^ T cells of the recipient mice on the suppressive function of the transferred CD8^+^ Treg cells, we repeated the adoptive transfer experiments but using naive CD8-deficient (CD8 KO) mice as the recipients (Fig. [5](#fig05){ref-type="fig"}A). Compared to wild-type mice, the CD8 KO mice developed accelerated clinical manifestations and succumbed more rapidly to infection, suggesting an antiviral activity of CD8^+^ T cells. Nevertheless, mortality was further accelerated when AIV-infected CD8 KO mice received CD8^+^ Treg cells. In contrast, the transfer of CD8^+^ T cells or CD8^+^CD25^−^ T cells extended their survival (Fig. [5](#fig05){ref-type="fig"}B). Importantly, higher AIV loads were observed in lungs of the AIV-infected CD8 KO mice that had received the CD8^+^ Treg cells than other recipient groups. The virus load was lowest in the lungs of AIV-infected CD8 KO mice that had received CD8^+^CD25^−^ T cells (Fig. [5](#fig05){ref-type="fig"}C). To further dissect the effects of CD8^+^ Treg cells on influenza-specific immune responses, we tested CD4^+^ and CD8^+^ T cells from the lung for IFN-γ expression and tested serum for influenza-specific IgG level. The percentage of lung CD4^+^ T cells that produced IFN-γ was about the same in mice that received either total CD8^+^ or only CD8^+^CD25^−^ T cells. However, the percentage of lung CD8^+^ T cells that produced IFN-γ was substantially increased in mice that received only CD8^+^CD25^−^ T cells compared to mice that had received total CD8^+^ T cells (Fig. [5](#fig05){ref-type="fig"}D and E). The influenza-specific serum IgG titers were about the same in mice that received either CD8^+^CD25^−^ T cells or total CD8^+^ T cells (Fig. [5](#fig05){ref-type="fig"}F). Thus the data indicated that AIV-induced CD8^+^ Treg cells were suppressing the CD8^+^ T cell-responses in vivo.

![CD8^+^ Treg cells resulted in enhanced mortality and increased virus load in the lung. (A) Splenic CD8^+^CD25^+^ T cells were isolated on day 6 from Foxp3-GFPtg mice infected with H5N1 virus. The cells were transferred into BALB/c mice (1 × 10^5^ or 5 × 10^5^ CD8^+^CD25^+^ T cells per mouse) and the mice (*n* = 10 mice per group) were then immediately challenged with H5N1 virus. (B) Survival of mice was monitored from day 7 to 16 after virus infection. Log-rank test for comparisons of survival curves between control mice and CD8^+^ Treg cells recipient mice; \*\**p* \< 0.01. \*\*\**p* \< 0.001, log-rank test. (C) Lung viral load was assayed on day 6 after virus infection (*n* = 5 mice per group). (D) Total RNA was extracted from lung for real-time PCR for IFN-β and Mx-1. Data are shown as mean + SEM and are pooled from three independent experiments. n.s., *p* \> 0.05. \**p* \< 0.05. \*\**p* \< 0.01. \*\*\**p* \< 0.001, unpaired two-tailed *t*-test.](eji0044-0103-f4){#fig04}

![CD8^+^ T-cell immunity was inhibited by CD8 Treg cells in vivo. (A) CD8^+^CD25^+^ T cells, CD8^+^CD25^−^ T cells, total CD8^+^ T cells were isolated from spleens of C57BL/6 mice on day 6 after infection with H5N1 virus and were transferred to CD8 KO mice. 5 × 10^5^ CD8^+^CD25^+^ T cells, 1 × 10^7^ CD8^+^ CD25^−^ T cells, or 1 × 10^7^ CD8^+^ T cells were transferred into each mouse (*n* = 10 mice per group). (B) Mouse survival was monitored from day 4 to 16 after virus infection. Log-rank test for comparisons of survival curves between CD8^+^ T-cell recipient mice and CD8^+^CD25^−^ T-cell recipient mice; \*\**p* \< 0.01 (*n* = 10 mice per group), log-rank test. (C) Lung viral loads were assayed on day 6 after virus infection (*n* = 5 mice per group). (D). Lung cells taken on day 8 of infection were stimulated with PMA and ionomycin for 5 h in the presence of monensin and then stained to detect intracellular IFN-γ expression in the CD4^+^ and CD8^+^ T cells (*n* = 4 mice per group). (E) Statistical analysis of IFN-γ^+^ cells among CD4^+^ and CD8^+^ T cells (%). (F) Serum total H5N1 virus-specific IgG titers, assayed by ELISA on day 8 post virus infection (*n* = 4 mice per group). Mice receiving CD8^+^CD25^−^ T cells served as CD8nonTreg-cell controls. Data are presented as means ± SEM and are representative of three independent experiments. \**p* \< 0.05. \*\**p* \< 0.01. \*\*\**p* \< 0.001, unpaired two-tailed *t*-test.](eji0044-0103-f5){#fig05}

IL-10 is involved in the inhibition of CD8^+^ T-cell proliferation by CD8^+^ Treg cells
---------------------------------------------------------------------------------------

Since suppressive function is a hallmark of Treg cells, we next tested for suppressive function of AIV-induced CD8^+^ Treg cells in vitro. Splenic CD8^+^CD25^+^ T cells, CD8^+^CD25^−^ T cells, and CD11c^+^ cells were purified on day 6 after the AIV viral infection of C57BL/6 mice. We stimulated CD8^+^CD25^−^ T cells with CD11c^+^ cells and 10 μg/mL NP366--374 peptide in the presence of various numbers of CD8^+^ Treg cells and measured the proliferation of the target CD8^+^CD25^−^ T cells on the basis of CFSE dilution. As shown in Fig. [6](#fig06){ref-type="fig"}A, the proliferation of CD8^+^CD25^−^ T cells was suppressed by the addition of CD8^+^ Treg cells in a dose-dependent manner. We compared CD8^+^ Treg cells with CD4^+^ Treg cells for suppressive function against the proliferation of CD8^+^CD25^−^ T cells. CD8^+^ Treg cells were much stronger suppressors (Fig. [6](#fig06){ref-type="fig"}B). We also tested whether this suppressive effect was dependent on cell--cell contact by the use of a transwell co-culture system. Again, co-culture with CD8^+^ Treg cells significantly inhibited CD8^+^CD25^−^ T-cell proliferation (Fig. [6](#fig06){ref-type="fig"}C), indicating that the suppression was a contact-independent event and that soluble factor(s) might play a role in the suppression. To test this notion, we added anti-IL-10 neutralizing antibodies into the co-culture assay and used isotype-matched antibodies as controls. We observed that the suppressive effect of CD8^+^ Treg cells was abolished by the addition of anti-IL-10 antibodies (Fig. [6](#fig06){ref-type="fig"}D), indicating a critical role of IL-10 as the mediator of the CD8^+^ Treg-cell effect. To confirm the role of IL-10 in vitro, DNIL-10R mice (dominant-negative IL-10R-α Tg mice, \[[@b27],[@b28]\]) were employed to provide CD8^+^ T effectors since CD8^+^ T cells of DNIL-10R mice constitutively express IL-10R-α and consequently deplete IL-10 (Supporting Information [Fig. 4](#SD1){ref-type="supplementary-material"}). Splenic CD8^+^CD25^+^ Treg cells and CD11c^+^ cells were purified from wild-type (WT) mice and CD8^+^CD25^−^ T cells were purified from DNIL-10R mice on day 6 after viral infection. In the absence of IL-10 signaling, CD8^+^ Treg cells failed to suppress CD8^+^ T cells proliferation (Fig. [6](#fig06){ref-type="fig"}E).

![CD8^+^CD25^−^ T-cell proliferation was inhibited by CD8^+^ Treg cells through IL-10 in vitro. (A) CD8^+^CD25^+^ T cells, CD8^+^CD25^−^ T cells, CD11c^+^ cells were isolated on day 6 from spleens of H5N1-infected C57BL/6 mice. CFSE-stained CD8^+^CD25^−^ T cells were stimulated to proliferate in vitro; 2 × 10^5^ CD8^+^ CD25^−^ T cells and 5 × 10^4^ CD11c^+^ cells were stimulated with 10 μg/mL NP366--374 peptide in the presence of different numbers of CD8^+^ Treg cells for 5 days. (B) CD4^+^CD25^+^ T cells, CD8^+^CD25^+^ T cells, CD8^+^CD25^−^ T cells, and CD11c^+^ cells were isolated from spleens of C57BL/6 mice on day 6 after infection with H5N1 virus. CFSE-stained CD8^+^CD25^−^ T cells were stimulated to proliferate in vitro; 2 × 10^5^ CD8^+^ CD25^−^ T cells and 5 × 10^4^ CD11c^+^ cells were stimulated with 10 μg/mL NP366--374 peptide in the presence of different numbers of CD4^+^ or CD8^+^ Treg cells for 5 days. (C) 2 × 10^5^ CD8^+^ CD25^−^ T cells and 5 × 10^4^ CD11c^+^ cells were stimulated with 10 μg/mL NP366--374 peptide in the presence of 1 × 10^5^ CD8^+^ Treg cells in transwell plates for 5 days. (D) T-cell proliferation was done with 50 μg/mL anti-IL-10 mAb or isotype control antibodies in the wells. The number of CD8^+^ Treg cells used in the system (C and D) was 1 × 10^5^. (E) CD8^+^CD25^+^ T cells and CD11c^+^ cells from C57BL/6 mice and CD8^+^CD25^−^ T cells from DNIL-10R mice were isolated 6 days after infection with H5N1 virus and T-cell proliferation assays were performed. (A--E) Data shown are representative of at least three independent experiments with four mice per group.](eji0044-0103-f6){#fig06}

CD8^+^ Treg cells inhibit CD8^+^ T-cell responses in vivo by IL-10
------------------------------------------------------------------

To confirm the role of IL-10 in vivo, we compared the effects of adoptively transferring CD8^+^CD25^−^ T cells and CD8^+^ Treg cells from WT or DNIL-10R mice. The donor mice had been infected with H5N1 virus and the recipients were CD8 KO mice that were then immediately challenged with H5N1 (Fig. [7](#fig07){ref-type="fig"}A). When WT CD8^+^ Treg cells were transferred together with DNIL-10R CD8^+^CD25^−^ T cells, survival was not significantly reduced (Fig. [7](#fig07){ref-type="fig"}B) and viral load was not higher (Fig. [7](#fig07){ref-type="fig"}C) compared to mice that received only DNIL-10R CD8^+^CD25^−^ T cells. However, transfer of DNIL-10R CD8^+^CD25^−^ T cells with WT CD8^+^CD25^+^ T cells significantly increased survival (Fig. [7](#fig07){ref-type="fig"}B) and reduced viral load (Fig. [7](#fig07){ref-type="fig"}C) compared to mice that received WT CD8^+^ Treg cells and WT CD8^+^CD25^−^ T cells. This data demonstrated that IL-10 signaling by CD8^+^CD25^−^ T cells was necessary for CD8^+^ Treg cells to inhibit the CD8^+^ T-cell responses in vivo.

![The antiviral activity of CD8^+^CD25^−^ T cells was inhibited by CD8^+^ Treg cells in vivo through IL-10. (A) CD8^+^CD25^+^ T cells and CD8^+^CD25^−^ T cells from the spleens of WT mice and CD8^+^CD25^−^ T cells from the spleens of DNIL-10R mice were isolated on day 6 after H5N1 infection and transferred into CD8 KO mice (5 × 10^5^ CD8^+^CD25^+^ T cells and 1 × 10^7^ CD8^+^ CD25^−^ T cells per mouse) that were then immediately infected with H5N1 virus (day 0 of challenge). (B) Survival of mice (*n* = 10 per group) was monitored from day 4 to 16 after virus infection. Log-rank test for comparisons of survival curves between DNIL-10R CD8^+^CD25^−^ T cells recipient mice and DNIL-10R CD8^+^CD25^−^ T cells plus WT CD8^+^ Treg cells recipient mice, or between DNIL-10R CD8^+^CD25^−^ T cells plus WT CD8^+^ Treg cells recipient mice and WT CD8^+^CD25^−^ T cells plus WT CD8^+^ Treg cells recipient mice; n.s., *p* \> 0.05. \*\*, *p* \< 0.01, log-rank test. (C) Viral load in mouse lungs were assayed on day 6 after virus infection (*n* = 5 mice per group). Data are presented as means ± SEM and are representative of four independent experiments. n.s., *p* \> 0.05. \**p* \< 0.05, unpaired two-tailed *t*-test.](eji0044-0103-f7){#fig07}

Discussion
==========

This is the first report to investigate the relationship of CD8^+^ Treg cells to antiviral immunity in H5N1 virus infection. We found that H5N1 virus-primed CD8^+^ Treg cells inhibited CD8^+^ T-cell immunity leading to a significantly higher level of mortality and greater viral load in the lung. The regulatory function of CD8^+^ Treg cells was found to be IL-10 dependent.

Our results are consistent with reports that the severity of highly pathogenic influenza virus infection correlates with an exuberant immune reaction in both humans and animal models. The characteristic features are a massive accumulation of macrophages and CD8^+^ T cells in the lungs and an overabundance of inflammatory cytokines and chemokines in the lungs and blood \[[@b29]--[@b33]\]. In this study of H5N1, we did not see an increase in the frequency of CD4^+^ Treg cells in PBMCs, spleen, or lung (Supporting Information [Fig. 1](#SD1){ref-type="supplementary-material"}A and B). In addition, the number of CD4^+^ Treg cells in BAL (Supporting Information [Fig. 1](#SD1){ref-type="supplementary-material"}C) was not increased. This contrasts with two reports that influenza H1N1 virus infection resulted in robust induction of a CD4^+^ Treg-cell response \[[@b34],[@b35]\] and another demonstrating that Foxp3^+^CD4^+^ T cells had an important role during influenza H1N1 viral infection, protecting host tissues from immune-mediated damage \[[@b21]\]. The potential involvement of CD4^+^ Treg cells in the development of H5N1 virus induced pathology is still not ruled out and further experiments are needed to investigate the specific function of CD4^+^ Treg cells during H5N1 virus infection.

CD8^+^ Treg cells are known to express a range of cell surface markers, including CD122, CD25, GITR, CTLA-4, and PD-1 and various aspects of regulatory function have been found associated with the markers. Our finding that H5N1 virus primed CD8^+^ Treg cells significantly inhibited CD8^+^ T-cell proliferation via a cell contact independent mechanism contrasts with a report that CD8^+^CD25^+^ thymocytes that expressed GITR and CTLA-4 suppressed the proliferation of autologous CD25^−^ T cells via a contact-dependent mechanism \[[@b36]\]. Our observation that H5N1 virus primed CD8^+^Foxp3^+^ Treg cells were almost all CD25^+^ or GITR^+^ and functioned via IL-10 may suggest a distinctive phenotype. This is not inconsistent with a report that CD8^+^CD25^+^Foxp3^+^ Treg-cell induction during primary SIV infection in cynomolgus macaques correlated with low CD4^+^ T-cell activation and high viral load \[[@b37]\]. Other reports indicate a range of phenotypes. For example, CD8^+^CD122^+^Foxp3^−^ Treg cells effectively suppressed the proliferation and IFN-γ production of both CD8^+^ and CD4^+^ T cells \[[@b38],[@b39]\] and a novel allospecific regulatory CD8^+^PD1^+^ T cell induced by ICOS-B7h blockade in vivo could suppress allo-reactive CD4^+^ T cells \[[@b40]\].

IL-10 and TGF-β, recognized as antiinflammatory cytokines, can act on multiple cell types to regulate immune and inflammatory responses \[[@b41]--[@b44]\]. Although we found that the CD8^+^ Treg cells inhibited the proliferation of CD8^+^ T cells via the secreted IL-10, the mechanism has yet to be fully elucidated. IL-10-mediated inhibition of cell recruitment, activation, and/or production of proinflammatory cytokines and chemokines may be essential for regulating excess inflammation during H5N1 virus infection. In contrast to IL-10, TGF-β mRNA was expressed at low levels in H5N1 virus primed CD8^+^ Treg cells, indicating that the effects of TGF-β might not be important for CD8^+^ Treg-cell function. It is noted that IFN-γ also has tolerogenic effects; it could upregulate Foxp3 expression in CD4^+^ Treg cells, and has been implicated in suppression mediated by CD8^+^ Treg cells \[[@b45]--[@b47]\]. In addition, CD8^+^ Treg cells could directly kill the target cells during immune suppression by secreting killer molecules \[[@b48]--[@b50]\]. However, the transcript levels of IFN-γ, granzyme B, perforin, and fasl were not significantly different between CD8^+^ Treg cells and naive CD8^+^ T cells, suggesting that these molecules might not be mediators of H5N1 virus primed CD8^+^ Treg-cell effects.

The function of CD4^+^ Treg cells during influenza H1N1 virus infection is still unclear. Foxp3^+^CD4^+^ T cells have been reported to suppress innate immune pathology during influenza H1N1 infection \[[@b21]\]. However, another study demonstrated that depletion of CD4^+^ Treg cells with anti-CD25 antibodies did not alter the course of acute influenza H1N1 infection \[[@b35]\]. Although Foxp3^+^CD4^+^ T cells could be induced to suppress antigen-specific CD4^+^ and CD8^+^ T-cell proliferation and cytokine production \[[@b34]\], protection of host tissues from immune-mediated damage was not assessed. Much more data are needed to clarify the relevance of CD4^+^ Treg cells to clinical outcome during H1N1 and H5N1 virus infections. The function of CD8^+^ Treg cells during influenza A virus infection is also unclear. Although we found that the induced CD8^+^ Treg cells suppressed CD8^+^ T-cell responses and caused worse disease outcome during H5N1 virus infection, we did not assess the effect of CD8^+^ Treg cells on innate immune response. Since Mx1 represents a key component of the murine innate immune system, high levels of IFN-β and Mx-1 in cells from the lungs of CD8^+^ Treg cells recipients may indicate stronger innate immune responses. We may in future use lymphocyte-deficient mice as hosts to detect the function CD8^+^ Treg cells on the innate immune responses. In addition, since H5N1-primed CD8^+^ Treg cells did not suppress CD4^+^ T-cell responses in the lung, we did not test whether CD8^+^ Treg cells could inhibit CD4^+^ T-cell proliferation and cytokine production in vitro and this remains to be tested.

CD8^+^ T~eff~ cells have been suggested to produce IL-10 to fine-tune the extent of lung inflammation and injury associated with acute H1N1 influenza virus infection. Blockade of IL-10 in vivo resulted in enhanced lung inflammation, elevated expression of multiple cytokines and chemokines in the infected lungs, and increased mortality, but with no effect on virus titer or clearance. In addition, these CD8^+^ T~eff~ cells expressed high amounts of T-bet but not Foxp3 \[[@b22]\]. In our lethal H5N1 influenza virus infection model, IL-10^+^Foxp3^+^ CD8^+^ T cells and IL-10^+^Foxp3^−^ CD8^+^ T cells were both induced. IL-10^+^Foxp3^+^ CD8^+^ T cells suppressed CD8^+^ T~eff~ cell responses through production of IL-10 and increased the mortality of the infected mice. IL-10^+^Foxp3^−^ CD8^+^ T cells might also have regulatory functions to control lung inflammation and injury associated with influenza infection but this was not tested here. There could be preferential induction of IL-10^+^Foxp3^+^ CD8^+^ T cells in our H5N1 virus infection model compared to the H1N1 virus infection model, perhaps due to differences in the viral strain or inoculum size, but further studies are needed to clarify this point.

Overall, our data reveal a previously unrecognized function of CD8^+^ Treg cells in providing regulatory function during H5N1 virus infection. Understanding the process of IL-10 production by the CD8^+^ Treg cells and the function of AIV-induced CD8^+^ Treg cells may provide insight into the pathogenesis of infection and might possibly lead to better vaccine design strategies to fight influenza pandemics.

Materials and methods
=====================

Mice
----

Female C57BL/6 and BALB/c mice at 6--8 weeks old were purchased from the Animal Institute of Chinese Medical Academy (Beijing, China). Foxp3-GFPtg mice (BALB/c-C.Cg-*Foxp3^tm2Tch^*/J) were purchased from the Jackson Laboratory (Bar Harbor, Maine). CD8 KO mice (C57BL/6 background), IL-10-GFPtg (C57BL/6 background), and DNIL-10R mice (C57BL/6 background) were kindly provided by Zhinan Yin (Nankai University, Tianjin, China) and Richard Flavell (Yale University School of Medicine, New Haven, CT, USA). All mice were approved by the Animal Welfare Committee of China Agricultural University and housed with pathogen-free food and water under 12 h light cycle condition.

Reagents
--------

Fluorescently labeled anti-mouse monoclonal antibodies used for flow cytometry were purchased from BD Pharmingen (San Diego, CA, USA). Anti-IL-10 mAb and isotype control antibodies were purchased from BD Bioscience Pharmingen. Influenza virus nucleoprotein (NP) NP366--374 peptide representing the CD8^+^ T-cell epitope (ASNENMETM) was synthesized by GL Biochem Co. The conservative NP366--374 peptide of H5N1, A/Chicken/Henan/1/04, is ASNENMEAM. MagCellect Mouse CD4^+^CD25^+^ T-cell Isolation Kit (R&D Systems, Minneapolis, MN, USA), MagCellect Mouse CD8^+^ T-cell Isolation Kit (R&D Systems), EasySep® Mouse Naïve CD8^+^ T-cell Isolation Kit (STEMCELL Technologies, Vancouver, Canada) and EasySep® CD11c Positive Selection Kit (STEMCELL Technologies) were purchased.

Viral infection
---------------

Highly pathogenic avian influenza virus, (HPAIV, H5N1, A/Chicken/Henan/1/04) was maintained in a BSL-3 facility (China Agriculture University, Beijing, China). Mice were infected with HPAIV by intranasal (i.n.) inoculation of 50 μL of virus (10 LD50) in PBS on day 0. The dose is based on the original titrations conducted at the time the batch was produced. Although the titers drift down overtime, the viral doses used in this study were based on the original titration. This viral infection caused death of all the unimmunized mice within 7--12 days.

Flow cytometric analysis
------------------------

PBMCs, splenic cells, lung cells, and bronchoalveolar lavage (BAL) cells were isolated on days 3 and 6 from mice infected by H5N1 virus. Surface staining of CD4, CD8, CD25, GITR, CTLA-4, and PD-1 was performed. Samples were analyzed by an FACSCalibur. Splenic cells were isolated on day 6 after viral infection and stimulated with 10 μg/mL NP peptide in the presence of brefeldin A (5 μg/mL) for 6 h at 37°C and 5% CO~2~. Collected cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% saponin (Sigma-Aldrich). For immunostaining of cytoplasmic IL-10 and Foxp3 and surface CD8, the appropriate concentrations of fluorescently labeled anti-mouse monoclonal antibodies were added to permeabilized cells for 30 min on ice followed by washing twice with cold PBS \[[@b51]--[@b53]\]. Samples were analyzed by an FACSCalibur.

Isolation of CD8^+^CD25^+^, CD8^+^CD25^−^, and naïve CD8^+^ T cells
-------------------------------------------------------------------

Splenic cells were isolated on day 6 after viral infection and purified by using MagCellect Mouse CD4^+^CD25^+^, CD8^+^ T Cell Isolation Kit (R&D Systems) according to the manufacturer∼s protocol. CD8^+^ T cells were first purified using the CD8 kit and then CD8^+^CD25^+^ T cells were obtained from the purified CD8^+^, and CD8^+^CD25^−^ T cells were from the unbound cells. Naïve CD8^+^ T cells were purified by using EasySep® Mouse naïve CD8^+^ T Cell Isolation Kit. Purities of T cells were approximately 90--95% analyzed by the FACSCalibur.

Real-time PCR for cytokines
---------------------------

Splenic CD8^+^CD25^+^ T cells were isolated on day 6 after viral infection. Total RNA was extracted from these cells using the RNeasy kit (Qiagen, Valencia, CA, USA). Real-time PCR for Foxp3, IL-10, TGF-β, IFN-γ, perforin, Granzyme B, fasl, and GAPDH was performed. Total RNA of lung cells on day 3 or 6 after viral infection was extracted to perform real-time PCR for IFN-β and Mx-1. The reaction was run on an ABI 7500 and data analysis was performed using 7500 software v2.0 (ABI). The following primers were used for the amplification of target transcripts: *GAPDH* forward (5′-GGTTGTCTCCTGCGACTTCA-3′) and reverse (5′-GGGTGGTCCAGGGTTTCTTA-3′), *Foxp3* forward (5′-GGCGAAAGTGGCAGAGAGGTAT-3′) and reverse (5′-AAGACCCCAGTGGCAGCAGAA-3′), *Il-10* forward (5′-GGTTGCCAAGCCTTATCGGA-3′) and reverse (5′-ACCTGCTCCACTGCCTTGCT-3′), *Tgf-β* forward (5′-GCAACATGTGGAACTCTACCAGAA-3′) and reverse (5′-GACGTCAAAAGACAGCCACTCA-3′), *Ifn-γ* forward (5′-GAAAGCCTAGAAAGTCTGAATAACT-3′) and reverse (5′-ATCAGCAGCGACTCCTTTTCCGCT-3′), *perforin* forward (5′-GATGTGAACCCTAGGCCAGA-3′) and reverse (5′-GGTTTTTGTACCAGGCGAAA-3′), *Granzyme B (GZ-B)* forward (5′-GGATATAAGGATGGTTCACC-3′) and reverse (5′-CACCTGTCCTAGAGCAATCC-3′), *fasl* forward (5′-TGAATTACCCATGTCCCCAG-3′) and reverse (5′-AAACTGACCCTGGAGGAGCC-3′), *Ifn-β* forward (5′-AGCTCCAAGAAAGGACGAACAT-3′) and reverse (5′-GCCCTGTAGGTGAGGTTGATCT-3′), *Mx-1* forward (5′-TGCAGAGGTCAGCAGGACATC-3′) and reverse (5′-GGCAGTTTGGACCATCTCTGAA-3′).

Viral RNA determination
-----------------------

Total RNA was prepared from 10 mg lung homogenized and extracted in Trizol (Invitrogen) according to the manufacturer∼s instruction. DNase I treated RNA (2 μg) was used to reverse transcribe into cDNA using a set of universal primers for influenza A virus \[[@b54]\] as follows: forward (5′-CGCAGTATTCAGAAGAAGCAAGAC-3′), reverse (5′-TCCATAAGGATAGACCAGCTACCA-3′). Real-time PCR was performed to amplify the hemagglutinin (HA) gene of H5N1 influenza virus using SYBR® PrimeScript® RT-PCR Kit (TaKaRa, Japan). The reaction was run on an ABI 7500 and data analysis was performed using 7500 software v2.0 (ABI). The copy number of the HA gene was calculated by using an HA-containing plasmid of known concentration as a standard.

T cells adoptive transfer
-------------------------

Splenic CD8^+^CD25^+^, CD8^+^CD25^−^, and CD8^+^ T cells were purified on day 6 after viral infection. The cells were adoptively transferred intravenously into normal Balb/c or C57BL/6 mice at 1 × 10^5^ CD8^+^CD25^+^ T cells or 5 × 10^5^ CD8^+^CD25^+^ T cells, 1 × 10^7^ CD8^+^CD25^−^ T cells and 1 × 10^7^ CD8^+^ T cells per recipient mouse.

Isolation of CD11c^+^ cells
---------------------------

Splenic cells were isolated on day 6 after viral infection and purified by using EasySep® Mouse CD11c Positive Selection Kit (STEMCELL Technologies) according to the manufacturer∼s protocol. Purity was about 85%.

Detection of anti-H5N1 antibody
-------------------------------

Anti-H5N1 antibody content of serum samples was measured by ELISA as described previously \[[@b53]\]. On day 8 after H5N1 virus infection, sera were collected and ELISA was performed in a 96-well polystyrene microtiter plate coated with inactivated H5N1 virus. Following the blockage with 3% of BSA for 1 h, goat anti-mouse IgG Ab (Sigma, St. Louis, MO, USA) diluted 1000-fold was added. Ten milligrams of TMB tablet (Sigma) was dissolved in 0.025 M phosphate-citrate buffer and subsequently added to each well for color development. After the reaction was stopped by 2 M H~2~SO~4~, the plate was read with a plate reader at 450/620 nm. The antibody titers were determined by the absolute ratio of OD values of post/naive sera at cut-off value 2.1.

T-cell proliferation assays
---------------------------

Splenic CD8^+^CD25^+^, CD8^+^ CD25^−^ T cells, and CD11c^+^ cells were purified on day 6 after viral infection. CD8^+^ CD25^−^ T cells were labeled with carboxyl fluorescent succinimidyl ester (CFSE, 1.25 μg/mL in PBS) for 5 min at room temperature. After two washes with RPMI medium or PBS, 2 × 10^5^ CD8^+^CD25^+^ T cells, and 5 × 10^4^ CD11c^+^ cells were stimulated with NP366--374 peptide (ASNENMETM, 10 μg/mL). After 5 days in culture, CFSE intensity was determined by flow cytometry.

Statistical analysis
--------------------

Results are presented as means ± SEM. Student∼s *t-*test analysis was used for data analysis. A value of *p* \< 0.05 was considered to be statistically significant.
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**Figure S1**. Detection of CD4 Treg in Foxp3-GFPtg mice during H5N1 viral infection.

**Figure S2**. Induction of CD8 Treg in C57BL/6 mice during H5N1 viral infection.

**Figure S3**. Analysis purified CD8^+^CD25^+^ T cells.
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